Cr-Si-N coatings were prepared through reactive direct current magneton sputtering using a high N 2 /Ar flow ratio of 1. The addition of Si to improve the mechanical properties and oxidation resistance of Cr-N coatings was examined. The results indicated that the Cr-Si-N coatings with an Si content of <12 at % and an N content of >50 at % exhibited a cubic CrN phase with a columnar structure, whereas the coatings with 14 at % Si comprised of a nanocomposite structure, and the coatings with 16-18 at % Si were near-amorphous. The nanocomposite Cr 32 Si 14 N 54 coating possessed hardness and Young's modulus values of 17 and 209 GPa, respectively, accompanied with a hardness to effective Young's modulus (H/E*) value of 0.077 and an elastic recovery (We) level of 55%-all the properties were highest within the as-deposited coating. The addition of Si was also beneficial to reduce the surface roughness and improve the oxidation resistance.
Introduction
Chromium nitride thin films have attracted widespread industrial applications [1] and academic studies because of their excellent mechanical properties [2, 3] , wear resistance [4, 5] , corrosion resistance [6] , and oxidation resistance [7] [8] [9] [10] . To meet the increasingly advanced industrial demands, ternary composite films have attracted researchers' attentions. Previous studies have demonstrated improved mechanical properties and oxidation resistance of chromium nitride by adding a third element, such as CrAlN [11, 12] , CrSiN [13] , CrWN [14, 15] , and CrZrN [16] . CrSiN coatings have become a popular research topic [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , following the development of nanocomposite coatings and the pursuit of enhancing the mechanical properties. Nanocomposite nitride coatings (recognized as nc-Me n N/a-Si 3 N 4 ) [21, 27, 28] consist of transition-metal nitride nanocrystallities surrounded by amorphous tissue. The main hardening mechanisms of Me-Si-N coatings were solid-solution strengthening and nanocomposite formation hardening [21, 23] , whereas the residual stress effect was next in importance [21] . Stoichiometric CrN coatings exhibited their lowest oxidation rate, up to 800 • C, caused by the lowest Cr 2 O 3 growth rate on the surface [7] , whereas stoichiometric CrN x coatings included Cr and Cr 2 N phases, promoting their oxidation rates. However, crystalline Cr 2 O 3 oxides roughened the surface to a high level of 55.5-200 nm [7, 29] . The increased oxidation resistance of Cr-Si-N coatings at 800 • C was attributed to the deficiency of grain boundaries in the original amorphous Si 3 N 4 phase within the coatings and the formation of amorphous SiO 2 , together with crystalline Cr 2 O 3 on the coating surface [24, 30] . The decomposition of CrN into Cr 2 N and N 2 above 900 • C and subsequent oxidation restricted the oxidation resistance of Cr-Si-N coatings, and only Figure 1 shows the XRD patterns of the as-deposited Cr-Si-N coatings. Because both the flow rates of Ar and N 2 were maintained at 10 sccm, forming a high flow ratio of the reactive gas to total gas, the deposited coatings with an Si content less than 12 at % exhibited a crystalline cubic phase of CrN without Cr or Cr 2 N. The intensities and widths of the reflections of the Cr 32 Si 14 N 54 coatings were, respectively, lower and broader than those of the crystalline coatings, implying that the Cr 32 Si 14 N 54 coatings formed a nanocomposite structure, whereas further increasing the Si content to [16] [17] [18] at % resulted in a near-amorphous phase, also named an X-ray amorphous phase. The diffraction reflections of the crystalline Cr-Si-N coatings shifted toward higher two-theta angles with increasing Si content, which implied that the decrease in lattice constants was caused by substituting Si into the CrN lattice.
Coatings 2019, 9, Figure 1 shows the XRD patterns of the as-deposited Cr-Si-N coatings. Because both the flow rates of Ar and N2 were maintained at 10 sccm, forming a high flow ratio of the reactive gas to total gas, the deposited coatings with an Si content less than 12 at % exhibited a crystalline cubic phase of CrN without Cr or Cr2N. The intensities and widths of the reflections of the Cr32Si14N54 coatings were, respectively, lower and broader than those of the crystalline coatings, implying that the Cr32Si14N54 coatings formed a nanocomposite structure, whereas further increasing the Si content to 16-18 at % resulted in a near-amorphous phase, also named an X-ray amorphous phase. The diffraction reflections of the crystalline Cr-Si-N coatings shifted toward higher two-theta angles with increasing Si content, which implied that the decrease in lattice constants was caused by substituting Si into the CrN lattice. Figure 2 shows the lattice constants of the crystalline Cr-Si-N coatings determined using (111) and (220) reflections. The as-deposited Cr50N50 coatings exhibited lattice constants of 0.4158 and 0.4168 nm for (111) and (200) planes, respectively, which shrunk to 0.4140 nm after annealing at 600 °C in a 15 ppm O2-N2 atmosphere for 16 h; the value of 0.4140 nm was identical to the standard value of a cubic CrN phase [ICDD 00-011-0065]. The expanded lattice of the as-deposited Cr50N50 coatings indicated the existence of interstitial Cr and N atoms. By contrast, the lattice constants of the CrN phase decreased with increasing Si content in the crystalline Cr-Si-N coatings, which implied that Si atoms (radius: 110 pm) substituted the Cr atoms (128 pm) in the CrN lattice Figure 2 shows the lattice constants of the crystalline Cr-Si-N coatings determined using (111) and (220) reflections. The as-deposited Cr 50 N 50 coatings exhibited lattice constants of 0.4158 and 0.4168 nm for (111) and (200) planes, respectively, which shrunk to 0.4140 nm after annealing at 600 • C in a 15 ppm O 2 -N 2 atmosphere for 16 h; the value of 0.4140 nm was identical to the standard value of a cubic CrN phase [ICDD 00-011-0065]. The expanded lattice of the as-deposited Cr 50 N 50 coatings indicated the existence of interstitial Cr and N atoms. By contrast, the lattice constants of the CrN phase decreased with increasing Si content in the crystalline Cr-Si-N coatings, which implied that Si atoms (radius: 110 pm) substituted the Cr atoms (128 pm) in the CrN lattice structure [26] . Sandu et al. [21] proposed a model regarding the film formation of sputtered M-Si-N coatings. The solubility limit of Si atoms in M-Si-N compounds was determined by examining the evolutions of crystalline grain sizes and lattice parameters as a function of Si addition. Si atoms segregated at the crystallite surfaces as the Si content exceeded the solubility limit, which resulted in the formation of a nanocomposite structure [21] . Benkahoul et al. [23] , Martinez et al. [13] , Lee and Chang [22] , and Lin et al. [26] reported the solubility limit of Si atoms in Cr-Si-N coatings to be 2.3, 3, 4.1, and 4.8 at %, respectively. By contrast, the lattice constants decreased with increasing Si content up to 12 at % in this study, which suggested a high Si solubility. Park et al. [17] reported that the d-spacing of CrN (200) planes decreased with increasing Si content to 11.0 at %. Coatings 2019, 9, x FOR PEER REVIEW 4 of 13 structure [26] . Sandu et al. [21] proposed a model regarding the film formation of sputtered M-Si-N coatings. The solubility limit of Si atoms in M-Si-N compounds was determined by examining the evolutions of crystalline grain sizes and lattice parameters as a function of Si addition. Si atoms segregated at the crystallite surfaces as the Si content exceeded the solubility limit, which resulted in the formation of a nanocomposite structure [21] . Benkahoul et al. [23] , Martinez et al. [13] , Lee and Chang [22] , and Lin et al. [26] reported the solubility limit of Si atoms in Cr-Si-N coatings to be 2.3, 3, 4.1, and 4.8 at %, respectively. By contrast, the lattice constants decreased with increasing Si content up to 12 at % in this study, which suggested a high Si solubility. Park et al. [17] reported that the d-spacing of CrN (200) planes decreased with increasing Si content to 11.0 at %. (Figure 3b ). The Cr32Si14N54 coating, a medium-Si-content coating, comprised of a dense structure with a ringed SADP ( Figure 4a ). Figure  4b shows that the Cr32Si14N54 coating consisted of nanoscale crystals with a width of 10 nm and a length of 32 nm, implying the formation of a nanocomposite structure. The Cr29Si18N53 coating, a high-Si-content coating, exhibited diffused ring patterns ( Figure 5a ), for which the dark field image displayed lots of randomly distributed spots ( Figure 5b ). Moreover, the high-resolution image exhibited short-range crystalline domains with a diameter of approximately 2 nm ( Figure 5c ); therefore, the Cr29Si18N53 coating was near-amorphous. The structure of Cr-Si-N coatings varied from crystalline columnar, to nanocomposite, and then to a near-amorphous structure with increasing Si content. Table 1 lists the surface roughness values of the Cr-Si-N coatings. The crystalline Cr50N50 and Cr43Si5N52 coatings with low Si contents exhibited a high surface roughness of 6.2-6.8 nm, whereas the Cr39Si8N53, Cr35Si12N53, and Cr32Si14N54 coatings with medium Si contents exhibited a medium surface roughness of 2.3-2.7 nm, and the Cr29Si16N55 and Cr29Si18N53 coatings with high Si contents exhibited a low surface roughness of 0.9 nm. The surface roughness of the Cr-Si-N coatings exhibited decreased upon increasing Si content, accompanied with a decrease in crystalline dimensions. (Figure 3b ). The Cr 32 Si 14 N 54 coating, a medium-Si-content coating, comprised of a dense structure with a ringed SADP ( Figure 4a ). Figure 4b shows that the Cr 32 Si 14 N 54 coating consisted of nanoscale crystals with a width of 10 nm and a length of 32 nm, implying the formation of a nanocomposite structure. The Cr 29 Si 18 N 53 coating, a high-Si-content coating, exhibited diffused ring patterns (Figure 5a ), for which the dark field image displayed lots of randomly distributed spots ( Figure 5b ). Moreover, the high-resolution image exhibited short-range crystalline domains with a diameter of approximately 2 nm ( Figure 5c ); therefore, the Cr 29 Si 18 N 53 coating was near-amorphous. The structure of Cr-Si-N coatings varied from crystalline columnar, to nanocomposite, and then to a near-amorphous structure with increasing Si content. Table 1 
Mechanical Properties of As-Deposited Cr-Si-N Coatings
The Cr50N50 coating exhibited hardness and Young's modulus values of 5.9 and 154 GPa ( Table  2) , respectively. The fact that the mechanical properties exhibited low levels should be attributed to the sputtering process having been performed without applying bias voltage and heating the substrates, which resulted in a loosely packed structure with the existence of interstitial Cr and N atoms. Previous works have reported hardness levels of 18-21 GPa for CrN coatings [2, 4, 11, 15, 19, [37] [38] [39] . Lee et al. [37] reported a hardness of 9.6 GPa for CrN coatings prepared through pulsed direct current reactive magnetron sputtering without applying substrate bias and heated temperature; moreover, a CrN film with a hardness of 21 GPa was deposited at −290 V bias and 300 °C. Figure 6 illustrates the hardness and Young's modulus values of Cr-Si-N coatings with various Si contents. The hardness and Young's modulus values of the Cr-Si-N coatings initially increased with increasing Si content, reached maximum levels for the Cr32Si14N54 coating, and then decreased with the further addition of Si. The Cr32Si14N54 coating exhibited the highest hardness and Young's modulus levels of 17 GPa and 209 GPa, respectively. Because all the as-deposited Cr-Si-N coatings exhibited a low residual stress of 0.2-0.9 GPa in tension, the hardness enhancement was attributed to the formation of solid solutions and nanocomposite structures. The decline in hardness of the coatings with a high Si content was attributed to the high volume of amorphous Si3N4. Musil [40] proposed that hard nanocomposite coatings with enhanced toughness should exceed the criteria of H/E* > 0.1 and We ≥ 60%, where E* is the effective Young's modulus and We is the elastic recovery. The four crystalline Cr-Si-N coatings exhibited low H/E* values of 0.035-0.043 and We levels in the range of 34%-40%. The nanocomposite Cr32Si14N54 coating exhibited an H/E* value of 0.077 and a We level of 55%, which were the highest levels among the as-deposited coatings. The near-amorphous Cr29Si16N55 and Cr29Si18N53 coatings exhibited H/E* values of 0.066-0.069 and We levels of 50%-53%. 
The Cr 50 N 50 coating exhibited hardness and Young's modulus values of 5.9 and 154 GPa ( Table 2) , respectively. The fact that the mechanical properties exhibited low levels should be attributed to the sputtering process having been performed without applying bias voltage and heating the substrates, which resulted in a loosely packed structure with the existence of interstitial Cr and N atoms. Previous works have reported hardness levels of 18-21 GPa for CrN coatings [2, 4, 11, 15, 19, [37] [38] [39] . Lee et al. [37] reported a hardness of 9.6 GPa for CrN coatings prepared through pulsed direct current reactive magnetron sputtering without applying substrate bias and heated temperature; moreover, a CrN film with a hardness of 21 GPa was deposited at −290 V bias and 300 • C. Figure 6 illustrates the hardness and Young's modulus values of Cr-Si-N coatings with various Si contents. The hardness and Young's modulus values of the Cr-Si-N coatings initially increased with increasing Si content, reached maximum levels for the Cr 32 Si 14 N 54 coating, and then decreased with the further addition of Si. The Cr 32 Si 14 N 54 coating exhibited the highest hardness and Young's modulus levels of 17 GPa and 209 GPa, respectively. Because all the as-deposited Cr-Si-N coatings exhibited a low residual stress of 0.2-0.9 GPa in tension, the hardness enhancement was attributed to the formation of solid solutions and nanocomposite structures. The decline in hardness of the coatings with a high Si content was attributed to the high volume of amorphous Si 3 N 4 . Musil [40] proposed that hard nanocomposite coatings with enhanced toughness should exceed the criteria of H/E* > 0.1 and We ≥ 60%, where E* is the effective Young's modulus and We is the elastic recovery. The four crystalline Cr-Si-N coatings exhibited low H/E* values of 0.035-0.043 and We levels in the range of 34%-40%. The nanocomposite Cr 32 Si 14 N 54 coating exhibited an H/E* value of 0.077 and a We level of 55%, which were the highest levels among the as-deposited coatings. The near-amorphous Cr 29 Si 16 N 55 and Cr 29 Si 18 N 53 coatings exhibited H/E* values of 0.066-0.069 and We levels of 50%-53%. 3 We: Elastic recovery. Figure 8a shows the XRD patterns of the Cr-Si-N coatings annealed in 15 ppm O2-N2 at 600 °C for 8 h. Cr2O3 reflections were observed for the crystalline Cr50N50, Cr43Si5N52, Cr39Si8N53, and Cr35Si12N53 coatings, whereas the nanocomposite Cr32Si14N54 and near-amorphous Cr29Si16N55 and Cr29Si18N53 coatings maintained patterns similar to those of samples in the as-deposited state. Figure  8b shows the XRD patterns of the 16 h-annealed samples, which were similar to those of the 8 Figure 7 presents optical micrographs of the scratch tracks of Cr-Si-N coatings with various Si contents prepared on stainless steel substrates. The critical loads L c1 and L c2 were defined as the loads inducing the first cohesive failure and the first exposure of the substrate material, respectively [41] . The L c1 and L c2 values of the Cr-Si-N coatings with an Si content less than 12 at % remained at 13.1-13.9 N and 21.6-24.5 N, respectively. The L c1 and L c2 values decreased abruptly as the phase structure was altered from crystalline to nanocomposite. The nanocomposite and near-amorphous Cr-Si-N coatings exhibited L c1 and L c2 levels of 7.1-8.1 N and 15.7-16.7 N, respectively. Scratch tests indicated that the adhesion strength was related to the coatings' phase structures.
Oxidation Behavior of Cr-Si-N Coatings
Coatings 2019, 9, x FOR PEER REVIEW 7 of 13 1 H: Hardness. 2 E: Young's modulus. 3 We: Elastic recovery. Figure 8a shows the XRD patterns of the Cr-Si-N coatings annealed in 15 ppm O2-N2 at 600 °C for 8 h. Cr2O3 reflections were observed for the crystalline Cr50N50, Cr43Si5N52, Cr39Si8N53, and Cr35Si12N53 coatings, whereas the nanocomposite Cr32Si14N54 and near-amorphous Cr29Si16N55 and Cr29Si18N53 coatings maintained patterns similar to those of samples in the as-deposited state. Figure  8b shows the XRD patterns of the 16 h-annealed samples, which were similar to those of the 8 Figure 8b shows the XRD patterns of the 16 h-annealed samples, which were similar to those of the 8 h-annealed samples. Figure 2 shows the lattice constants of the as-deposited and 16 h-annealed crystalline Cr-Si-N coatings and indicates that the lattice constants shrink after annealing. Moreover, all the crystalline Cr-Si-N coatings exhibited a similar decrease in the lattice constants after annealing, which implied that the expanded lattices formed due to sputter processes accompanied with interstitial Cr and N atoms were recovered after annealing. Furthermore, the lattice constants of the annealed coatings exhibited a decreasing tendency with increasing Si content, which implied that Si atoms still substituted the Cr atoms in the CrN lattice at 600 • C and that the nitride phase remained as CrN. Thobor-Keck et al. [18] reported that the addition of 3 at % Si into CrN coatings inhibited the formation of the Cr 2 N phase at 750 • C.

h-annealed samples. Figure 2 shows the lattice constants of the as-deposited and 16 h-annealed crystalline Cr-Si-N coatings and indicates that the lattice constants shrink after annealing. Moreover, all the crystalline Cr-Si-N coatings exhibited a similar decrease in the lattice constants after annealing, which implied that the expanded lattices formed due to sputter processes accompanied with interstitial Cr and N atoms were recovered after annealing. Furthermore, the lattice constants of the annealed coatings exhibited a decreasing tendency with increasing Si content, which implied that Si atoms still substituted the Cr atoms in the CrN lattice at 600 °C and that the nitride phase remained as CrN. Thobor-Keck et al. [18] reported that the addition of 3 at % Si into CrN coatings inhibited the formation of the Cr2N phase at 750 °C. Figure 9a shows a cross-sectional TEM image of a 16 h-annealed Cr50N50 sample. The columnar structure was maintained, and a surface Cr-oxide scale of tens of nm in thickness was observed and verified by EDS analysis (positions 1 and 2) . The SADP indicated that the annealed coating comprised CrN and Cr2O3 phases, which were comparable to those confirmed by XRD patterns (Figure 8b) . The lattice fringes shown in the high-resolution TEM image (Figure 9b ) at a depth of 150 nm beneath the free surface belonged to CrN and Cr2O3 phases. Figure 10b shows a high-resolution TEM image at the near-surface region, which exhibits an amorphous oxide scale of less than 6 nm in thickness. The EDS results indicated that the amorphous oxide comprised Cr, Si, and O. Beneath the surface oxide scale, CrN grains of approximately 10 nm were observed, and Cr2O3 lattice fringes were also noticed. h-annealed samples. Figure 2 shows the lattice constants of the as-deposited and 16 h-annealed crystalline Cr-Si-N coatings and indicates that the lattice constants shrink after annealing. Moreover, all the crystalline Cr-Si-N coatings exhibited a similar decrease in the lattice constants after annealing, which implied that the expanded lattices formed due to sputter processes accompanied with interstitial Cr and N atoms were recovered after annealing. Furthermore, the lattice constants of the annealed coatings exhibited a decreasing tendency with increasing Si content, which implied that Si atoms still substituted the Cr atoms in the CrN lattice at 600 °C and that the nitride phase remained as CrN. Thobor-Keck et al. [18] reported that the addition of 3 at % Si into CrN coatings inhibited the formation of the Cr2N phase at 750 °C. Figure 9a shows a cross-sectional TEM image of a 16 h-annealed Cr50N50 sample. The columnar structure was maintained, and a surface Cr-oxide scale of tens of nm in thickness was observed and verified by EDS analysis (positions 1 and 2). The SADP indicated that the annealed coating comprised CrN and Cr2O3 phases, which were comparable to those confirmed by XRD patterns (Figure 8b) . The lattice fringes shown in the high-resolution TEM image (Figure 9b ) at a depth of 150 nm beneath the free surface belonged to CrN and Cr2O3 phases. Figure 10b shows a high-resolution TEM image at the near-surface region, which exhibits an amorphous oxide scale of less than 6 nm in thickness. The EDS results indicated that the amorphous oxide comprised Cr, Si, and O. Beneath the surface oxide scale, CrN grains of approximately 10 nm were observed, and Cr2O3 lattice fringes were also noticed. Figure 10b shows a high-resolution TEM image at the near-surface region, which exhibits an amorphous oxide scale of less than 6 nm in thickness. The EDS results indicated that the amorphous oxide comprised Cr, Si, and O. Beneath the surface oxide scale, CrN grains of approximately 10 nm were observed, and Cr 2 O 3 lattice fringes were also noticed. Figure 11a displays a cross-sectional TEM image of a 16 h-annealed Cr29Si18N53 sample. The structure was dense without evident grain boundaries. The SADP exhibited diffused ring patterns sharper than those shown in the as-deposited state (Figure 5a ), which indicated that the crystallinity was enhanced after annealing at 600 °C. The SADP further indicated that the main crystalline species was CrN. Figure 11b shows a high-resolution TEM image at the near-surface region, which exhibits an amorphous oxide scale of approximately 4 nm in thickness. Beneath the surface oxide scale, discrete CrN and Cr2O3 crystalline domains were dispersed in an amorphous matrix. Table 3 shows the chemical compositions of the as-deposited and annealed crystalline Cr50N50, nanocomposite Cr32Si14N54, and near-amorphous Cr29Si18N53 coatings. The O content of the Cr50N50 coating increased from 2.0 to 30.6 and 29.9 at % as the annealing time was increased from 0 to 8 and 16 h, respectively. The 8 and 16 h-annealed Cr50N50 coatings maintained a high surface roughness level of 5 nm, an increased tensile residual stress of 1 GPa, an increased hardness level of 19.7-20.8 GPa, and an enhanced Young's modulus in the range of 197-247 GPa. The O content of the Cr32Si14N54 coating increased from 5 to 10 at % after annealing for 8-16 h, whereas the surface roughness remained at 2.6-2.7 nm, the residual stress increased from 0.7 to 1.3-2.4 GPa, the hardness increased to 20.0-22.4 GPa, and the Young's modulus increased to 261-268 GPa. The O content of the Cr29Si18N53 coating increased from 2.4 to 3.2-4.6 at % after annealing for 8-16 h, whereas the surface roughness increased from 0.9 to 1.9-2.6 nm, the residual stress increased from 0.6 to 1.4 GPa, the hardness increased to 20.0 GPa, and the Young's modulus increased to 251-254 GPa. The hardness levels of all the above three annealed coatings increased to 19.7-22.4 GPa, whereas the H/E* ratio increased to a high range of 0.070-0.094 ( Figure 12 ). The improvement in the The structure was dense without evident grain boundaries. The SADP exhibited diffused ring patterns sharper than those shown in the as-deposited state (Figure 5a ), which indicated that the crystallinity was enhanced after annealing at 600 • C. The SADP further indicated that the main crystalline species was CrN. Figure 11b shows a high-resolution TEM image at the near-surface region, which exhibits an amorphous oxide scale of approximately 4 nm in thickness. Beneath the surface oxide scale, discrete CrN and Cr 2 O 3 crystalline domains were dispersed in an amorphous matrix. Figure 11a displays a cross-sectional TEM image of a 16 h-annealed Cr29Si18N53 sample. The structure was dense without evident grain boundaries. The SADP exhibited diffused ring patterns sharper than those shown in the as-deposited state (Figure 5a ), which indicated that the crystallinity was enhanced after annealing at 600 °C. The SADP further indicated that the main crystalline species was CrN. Figure 11b shows a high-resolution TEM image at the near-surface region, which exhibits an amorphous oxide scale of approximately 4 nm in thickness. Beneath the surface oxide scale, discrete CrN and Cr2O3 crystalline domains were dispersed in an amorphous matrix. Table 3 shows the chemical compositions of the as-deposited and annealed crystalline Cr50N50, nanocomposite Cr32Si14N54, and near-amorphous Cr29Si18N53 coatings. The O content of the Cr50N50 coating increased from 2.0 to 30.6 and 29.9 at % as the annealing time was increased from 0 to 8 and 16 h, respectively. The 8 and 16 h-annealed Cr50N50 coatings maintained a high surface roughness level of 5 nm, an increased tensile residual stress of 1 GPa, an increased hardness level of 19.7-20.8 GPa, and an enhanced Young's modulus in the range of 197-247 GPa. The O content of the Cr32Si14N54 coating increased from 5 to 10 at % after annealing for 8-16 h, whereas the surface roughness remained at 2.6-2.7 nm, the residual stress increased from 0.7 to 1.3-2.4 GPa, the hardness increased to 20.0-22.4 GPa, and the Young's modulus increased to 261-268 GPa. The O content of the Cr29Si18N53 coating increased from 2.4 to 3.2-4.6 at % after annealing for 8-16 h, whereas the surface roughness increased from 0.9 to 1.9-2.6 nm, the residual stress increased from 0.6 to 1.4 GPa, the hardness increased to 20.0 GPa, and the Young's modulus increased to 251-254 GPa. The hardness levels of all the above three annealed coatings increased to 19.7-22.4 GPa, whereas the H/E* ratio increased to a high range of 0.070-0.094 (Figure 12 ). The improvement in the [8] [9] [10] [11] [12] [13] [14] [15] [16] h, whereas the surface roughness increased from 0.9 to 1.9-2.6 nm, the residual stress increased from 0.6 to 1.4 GPa, the hardness increased to 20.0 GPa, and the Young's modulus increased to 251-254 GPa. The hardness levels of all the above three annealed coatings increased to 19.7-22.4 GPa, whereas the H/E* ratio increased to a high range of 0.070-0.094 ( Figure 12 ). The improvement in the mechanical properties of the annealed Cr 50 N 50 coatings was accompanied by the recovery of the expanded lattice. Moreover, the reported hardness values of CrN, Cr 2 O 3 , and SiO 2 films were 18-21, 29-32 [42] [43] [44] , and 8-11 [45] GPa, respectively. Therefore, the annealed Cr-Si-N coatings exhibited a hardness level of 20-22 GPa. In summary, the Cr-Si-N coatings with an Si content >14 at % exhibited oxidation resistance in 15 ppm O 2 -N 2 at 600 • C for 16 h. mechanical properties of the annealed Cr50N50 coatings was accompanied by the recovery of the expanded lattice. Moreover, the reported hardness values of CrN, Cr2O3, and SiO2 films were 18-21, 29-32 [42] [43] [44] , and 8-11 [45] GPa, respectively. Therefore, the annealed Cr-Si-N coatings exhibited a hardness level of 20-22 GPa. In summary, the Cr-Si-N coatings with an Si content >14 at % exhibited oxidation resistance in 15 ppm O2-N2 at 600 °C for 16 h. 
Conclusions
This study presents the fabrication of Cr-Si-N coatings through reactive direct current magnetron cosputtering. The Si content of Cr-Si-N coatings ranged from 0 to 18 at % and was controlled by varying the sputter power applied to the Si target, whereas the N content remained higher than 50 at %, which was attributed to a high N2/Ar flow ratio of 1. The mechanical properties of the Cr-Si-N coatings initially increased with increasing Si content, accompanied with the formation of a cubic CrN phase, reached maximum levels for the nanocomposite Cr32Si14N54 coating, and then decreased with further addition of Si accompanied with the formation of a near-amorphous phase. The addition of Si was also beneficial to reduce the surface roughness. The roughness level of the near-amorphous coatings with a Si content >16 at % was less than 1 nm.
The addition of >14 at % Si content into Cr-N coatings increased the oxidation resistance in 15 ppm O2-N2 at 600 °C for up to 16 h of annealing by forming an amorphous oxide scale on the free surface, accompanied with a surface roughness of 2.6-2.7 nm. The improvement in the mechanical properties of the annealed Cr-Si-N coatings was attributed to the recovery of the expanded lattice and the high mechanical properties of Cr2O3. Further research should focus on the effects of substrate bias and temperature on improving the characteristics of Cr-Si-N films. 
This study presents the fabrication of Cr-Si-N coatings through reactive direct current magnetron cosputtering. The Si content of Cr-Si-N coatings ranged from 0 to 18 at % and was controlled by varying the sputter power applied to the Si target, whereas the N content remained higher than 50 at %, which was attributed to a high N 2 /Ar flow ratio of 1. The mechanical properties of the Cr-Si-N coatings initially increased with increasing Si content, accompanied with the formation of a cubic CrN phase, reached maximum levels for the nanocomposite Cr 32 Si 14 N 54 coating, and then decreased with further addition of Si accompanied with the formation of a near-amorphous phase. The addition of Si was also beneficial to reduce the surface roughness. The roughness level of the near-amorphous coatings with a Si content >16 at % was less than 1 nm.
The addition of >14 at % Si content into Cr-N coatings increased the oxidation resistance in 15 ppm O 2 -N 2 at 600 • C for up to 16 h of annealing by forming an amorphous oxide scale on the free surface, accompanied with a surface roughness of 2.6-2.7 nm. The improvement in the mechanical properties of the annealed Cr-Si-N coatings was attributed to the recovery of the expanded lattice and the high mechanical properties of Cr 2 O 3 . Further research should focus on the effects of substrate bias and temperature on improving the characteristics of Cr-Si-N films.
